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Abstract
Complete metamorphosis (Holometaboly) is a key innovation that underlies the spectacular
success of holometabolous insects. Phylogenetic analyses indicate that Holometabola
form a monophyletic group that evolved from ancestors exhibiting hemimetabolous devel-
opment (Hemimetaboly). However, the nature of the changes underlying this crucial transi-
tion, including the occurrence of the holometabolan-specific pupal stage, is poorly
understood. Using the holometabolous beetle Tribolium castaneum as a model insect, here
we show that the transient up-regulation of the anti-metamorphic Krüppel-homolog 1
(TcKr-h1) gene at the end of the last larval instar is critical in the formation of the pupa. We
find that depletion of this specific TcKr-h1 peak leads to the precocious up-regulation of the
adult-specifier factor TcE93 and, hence, to a direct transformation of the larva into the adult
form, bypassing the pupal stage. Moreover, we also find that the TcKr-h1-dependent
repression of TcE93 is critical to allow the strong up-regulation of Broad-complex (TcBr-C),
a key transcription factor that regulates the correct formation of the pupa in holometabolous
insects. Notably, we show that the genetic interaction between Kr-h1 and E93 is also pres-
ent in the penultimate nymphal instar of the hemimetabolous insect Blattella germanica,
suggesting that the evolution of the pupa has been facilitated by the co-option of regulatory
mechanisms present in hemimetabolan metamorphosis. Our findings, therefore, contribute
to the molecular understanding of insect metamorphosis, and indicate the evolutionary con-
servation of the genetic circuitry that controls hemimetabolan and holometabolan metamor-
phosis, thereby shedding light on the evolution of complete metamorphosis.
Author Summary
Complete metamorphosis is an evolutionary innovation that has been critical for the suc-
cess of insects. Phylogenetic relationships reveal that holometabolous insects evolved from
ancestors displaying hemimetabolous development. Yet, little is known about the molecu-
lar nature of the changes required for such transition, including the evolution of the holo-
metabolan-specific pupal stage. Here, by using Tribolium castaneum, we report that the
crosstalk between Krüppel-homolog 1 (Kr-h1), E93 and Broad-Complex genes at the end of
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the larval development has been a key event underlying the formation of the pupa. Inter-
estingly, we show that the interaction between Kr-h1 and E93 is also present in hemime-
tabolous insects, suggesting that the pupal stage has evolved by the co-option of regulatory
mechanisms already present in hemimetabolous insects.
Introduction
Insects are, by far, the most successful and diversified animal group, with more than two mil-
lion species described (approximately half of all animal species reported). One of the reasons of
this taxonomic richness lies in the appearance of specific novel phenotypic characters known
as “key innovations” that has allowed the adaptive radiation of insect species. Several lines of
evidence suggest that wings and complete metamorphosis are the two key innovations that
have had the most relevant effect on insect diversity through evolution [1,2]. However, whereas
the origin, evolution and development of wings have been investigated intensively [3–5], less
data is available on the origin and evolution of complete metamorphosis [6–9].
Since their origination from arthropod ancestors, approximately 479 million years ago (Ma)
[10], insects have undergone extreme evolution in their postembryonic development, emerging
different types of metamorphosis: ametaboly, hemimetaboly and holometaboly [6,11]. The
most primitive type is ametaboly, in which immature individuals are miniature versions of the
wingless adult form and sexual maturity is achieved through successive molts. In hemimetabo-
lous insects, juvenile (nymphs) and adult forms are very similar and the metamorphosis of the
adult-specific structures, the wings and the genitalia, occur during a single stage, the last
nymphal instar. Finally, in holometabolous insects the immature larva undergoes a complete
morphological transformation to form the adult. The body reorganization is so radical that a
two-stage metamorphic process bridged by the holometabolous-specific intermediate pupal
stage is required to transform the larva into a winged adult. Despite the relevance of complete
metamorphosis in the taxonomic success of Holometabola, the nature of the changes underly-
ing the appearance of the holometabolan pupa remains a puzzling problem in evolutionary
and developmental biology.
From an endocrine perspective, the genetic switch between juvenile and adult programs in
hemimetabolous and holometabolous insects relies on the same hormone: the sesquiterpenoid
juvenile hormone (JH) synthesized by the corpora allata glands [12–17]. While JH prevents
metamorphosis during the pre-ultimate immature stages, its disappearance in the final juvenile
stage allows metamorphosis to occur. The anti-metamorphic effect of JH is mediated by the
induction of the C2H2 zinc-finger type transcription factor-encoding gene krüppel-homolog 1
(Kr-h1) [13]. RNAi-mediated knockdown of Kr-h1 triggers premature adult development in
hemimetabolous insects and induces precocious pupation in pre-ultimate instar larvae of holo-
metabolous insects [18–21]. A second important metamorphic gene is Broad-complex (Br-C),
which encodes a member of the bric-a-brac-tramtrack-broad family of transcription factors
[22,23]. In contrast to the conserved role of Kr-h1, the functions of Br-C have critically changed
from hemimetabolous to holometabolous insects. RNAi analysis in the hemimetabolous insects
Oncopeltus fasciatus, Pyrrochoris apterus and Blattella germanica revealed that Br-C is specifi-
cally required for regulation of wing development, in particular size, shape and vein formation
[18,24,25], a function that is conserved in the holometabolous Tribolium castaneum, Drosoph-
ila melanogaster and Bombyx mori [23,26–30]. In contrast, Br-C functions in holometabolous
insects have expanded to the metamorphic control of pupal commitment, pupal morphogene-
sis and the inhibition of adult differentiation [26–29,31,32]. In addition to Kr-h1 and Br-C, we
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have recently described E93 as the conserved master factor that promotes adult metamorphosis
in hemimetabolous and holometabolous insects [33]. RNAi-mediated depletion of E93 pre-
vents adult metamorphosis and induces endless repetitions of nymphal molts in hemimetabo-
lous insects and the repetition of the pupal program in holometabolous insects [33]. In
addition, E93 is also required to repress the expression of Kr-h1 and Br-C during the last imma-
ture stages of hemimetabolous and holometabolous insects, thus ensuring the transition to the
adult forms [33].
Given the functional relevance of Kr-h1, E93 and Br-C genes (hereafter referred to as the
metamorphic genetic network), we hypothesized that the appearance of the holometabolan-spe-
cific pupal stage was facilitated by changes in the timing of expression and/or regulation of the
metamorphic network genes from hemimetabolous to holometabolous insects. In this study,
we use the holometabolous insects Tribolium castaneum and Drosophila melanogaster to test
this hypothesis. Here, we show that a transient peak of Kr-h1 at the end of the final larval stage,
a particular event specific of holometabolous insects, has been critical for the occurrence of the
pupa. This late pulse of Kr-h1 prevents the precocious up-regulation of E93 during this stage,
thus pausing the implementation of the adult differentiation program initiated at the prepupal
stage, and allowing the strong up-regulation of Br-C, which is critical for the correct formation
of the pupa. In addition, we use the hemimetabolous insect Blattella germanica to demonstrate
that the functional relation between Kr-h1 and E93 is evolutionary conserved, thus suggesting
that the occurrence of the pupal stage has been facilitated by the co-option of regulatory mech-
anisms already present in hemimetabolous insects.
Results
TcKr-h1 prevents direct adult differentiation during the prepupal stage of
T. castaneum
Three events are critical to promote metamorphosis in last instar nymphs of hemimetabolous
insects: (i) the drop in the JH titer, (ii) the down-regulation of the anti-metamorphic factor Kr-
h1, and (iii) the up-regulation of E93, which induces adult differentiation [33]. Likewise, these
three events also occur during the onset of the last larval instar of the holometabolous T. casta-
neum (S1 Fig) [20,33]. However, a distinguishing event in T. castaneum is the up-regulation of
TcKr-h1 expression during the prepupal stage at the end of the final (L7) larval instar (S1 Fig),
suggesting that this Kr-h1 prepupal elevation might be a key event in the evolution of complete
metamorphosis. Although the role of TcKr-h1 in pre-ultimate larval stages of T. castaneum has
been analyzed previously [20], its specific function during the prepupal stage is unknown.
Thus, to examine the function of the late larval peak of TcKr-h1 expression, we depleted TcKr-
h1 by RNAi in vivo by injecting TcKr-h1 dsRNA into newly emerged last L7 instar larvae
(TcKr-h1i animals). Specimens injected with dsMock were used as negative controls (Control
animals). Whereas Control animals pupated normally, the majority of the TcKr-h1i larvae
arrested development after six days of injection (S1 Table). Remarkably, removal of the apo-
lysed larval cuticle from the arrested TcKr-h1i larvae revealed a strong precocious adult devel-
opment, especially in the head and thorax (Fig 1A–1D). For example, in the head several rows
of ommatidia were clearly developed in the compound eyes of TcKr-h1i animals (Fig 1Q–1S).
The antennae presented adult sensillae and the shape and segmentation of the funicle and club
were clearly adult-like (Fig 1I–1K). The maxillae showed well-defined and segmented palps,
lacinia and galea (Fig 1M–1O). In the thorax, the legs presented the double claws typical for
the adult legs and the different segments, including the tarsal ones, were clearly defined (Fig
1E–1G). The elytra were highly sclerotized with the cuticle showing the typical adult micro-
sculpture (Fig 1U–1W). The adult-specific microsculpture was also detected in all body
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appendages (Fig 2). Furthermore, the dark brown pigmentation of the tanned cuticle in the
head and thorax, including the appendages and part of the abdomen, resembled that of the
adult (Fig 1H, 1L, 1P, 1T and 1X). On the other hand, the abdomen of TcKr-h1i animals
showed less pronounced adult differentiation and several pupal structures, such as the gin
traps and urogomphi, were also visible (S2 Fig). Confirming the premature activation of the
adult genetic program in TcKr-h1i animals, high levels of the adult-specific cuticle gene
TcCPR27, normally occurring at the end of the pupal stage [34], were precociously detected at
the end of the larval stage (Fig 3A). Overall, our data demonstrate that the specific up-regula-
tion of TcKr-h1 at the end of larval development prevents the larva to metamorphose directly
into the adult bypassing the pupal stage.
Scale bars represent 0.5 mm in (B) and (D); 300 μm in (E) and (F); 200 μm in (I), (J), (N)
and (T); 100 μm in (G), (H), (K), (M), (O), (R) and (X); 50 μm in (L), (P), (Q), (S), (V) and (W);
30 μm in (U).
TcKr-h1 blocks direct adult differentiation by repressing TcE93 at the
larval-pupal transition
In order to understand how the prepupal pulse of TcKr-h1 prevents direct adult differentiation,
we next analyzed the expression of TcBr-C and TcE93 in TcKr-h1i animals, as these factors are
required for the correct formation of the pupal and adult forms, respectively [26–28,33]. In
wild type T. castaneum, TcE93mRNA levels start to increase moderately in the last larval instar
to reach maximum levels during the pupal stage, while TcBr-C expression is restricted to a
strong pulse during the prepupal stage (S1 Fig) [26–28,33]. Consistent with the precocious dif-
ferentiation of adult features in TcKr-h1i animals, we found that TcE93mRNA levels were pre-
maturely up-regulated in these animals and that the prepupal peak of TcBr-CmRNA was
strongly suppressed (Fig 3B and 3C). These results suggest that the direct transition from larva
to adult in TcKr-h1i animals stems from the premature up-regulation of TcE93 at the end of L7
and the concomitant repression of TcBr-C. In light of our previous study showing that TcE93
represses TcBr-C expression in the pupal stage [33], our findings also suggest that the repres-
sion of TcBr-C in the TcKr-h1i animals may depend on the untimely increase of TcE93.
If both suggestions were correct, then depleting TcKr-h1 and TcE93 simultaneously in L7
would be sufficient to impair premature adult differentiation and to allow the normal induc-
tion of TcBr-C, thus redirecting the molt again to a normal pupal stage. Consequently, we
injected TcKr-h1 and TcE93 dsRNAs into newly emerged last L7 instar larvae (TcKr-h1i
+TcE93i animals). Most of the TcKr-h1i+TcE93i animals pupated properly 6 days after the
injection (Fig 4A and 4B, S2 Table). Remarkably, all the appendages of these animals showed
normal pupal-like morphology with no signs of precocious adult differentiation (Fig 4A and
4B). In addition, some of the double knockdown animals arrested development at the prepu-
pal-pupal transition (Fig 4C and S2 Table). When the larval cuticle of these animals was
removed, the morphology of the appendages was similar to those that had successfully pupated,
Fig 1. Depletion of TcKr-h1 in T. castaneum last instar larvae causes direct transformation to the adult form bypassing the pupal stage. (A-D)
Newly molted L7 larvae were injected with dsMock (Control) or with dsTcKr-h1 (TcKr-h1i). Ventral views of (A) aControl pupa, and (B) a Control adult.
Ventral and lateral views of (C) 6- and (D) 10-day-old TcKr-h1i animals. (E-X) Comparison of the external morphology of appendages betweenControl pupae
and adults, and TcKr-h1i animals. Scanning electron microscopy photographs of (E, I,M,Q andU) a newly moltedControl pupa, (F, J, N, R and V) a 1-day-
old Control adult, and (G, K,O, S andW) a 6-day-old TcKr-h1i animal, showing strong direct adult differentiation in TcKr-h1i animals. (G) TcKr-h1i legs are
clearly segmented, including the tarsus (arrow), and presents double claws typical for the adult leg (arrowhead). (K) TcKr-h1i antennae show adult sensillae
(asterisks) with well-shaped and segmented funicle and club (arrow). (O) All TcKr-h1imouthparts are strongly segmented (arrows), including the (ln) labial
palps, (p) maxillary palps and (ga) galea. (S) TcKr-h1i compound eyes present several rows of well-developed ommatidia. (W) Elytra of TcKr-h1i animals are
highly sclerotized with the typical adult microsculpture. (H, L, P, T and X) External morphology of the appendages of TcKr-h1i animals showing that they are
highly sclerotized and present uniformly dark brown pigmentation, characteristic of adult appendages.
doi:10.1371/journal.pgen.1006020.g001
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including well-developed gin traps in the abdomen (Fig 4C–4K). Consistent with the observed
phenotype, TcKr-h1i+TcE93i prepupae presented a normal peak of TcBr-CmRNA and the pre-
mature up-regulation of the adult-specific TcCPR27 gene was completely prevented (Fig 4L).
Altogether, our results show that the transient pulse of TcKr-h1 at the end of the larval develop-
ment prevents the direct transformation of larval tissues to adult ones by maintaining low lev-
els of TcE93 during this period. In doing so, TcKr-h1 allows the strong up-regulation of TcBr-C
and the occurrence of a new developmental stage, the pupa.
Next, we asked to what extent the adult features observed in TcKr-h1i animals, consequence
of the premature TcE93 up-regulation, were due to the TcE93-dependent repression of TcBr-C.
To this aim, we injected TcBr-C dsRNA in newly molted L7 larvae (TcBr-Ci animals) to mimic
the absence of the prepupal TcBr-C peak observed in TcKr-h1i animals. Consistent with previ-
ous reports [26–28], the majority of the TcBr-Ci larvae arrested development at the end of the
prepupal stage or just after the pupal molt showing a mix of larval, pupal and adult characters
(Fig 5A–5C and S3 Table). Detailed analyses of the TcBr-Ci specimens that undergo pupation
Fig 2. The cuticle of the appendages of TcKr-h1-depleted animals shows adult-specific microsculpture. Comparison of scanning electron microscopy
photographs of the cuticle surface in (A-C) legs, (D-F) antennae, and (G-I) maxillae of (A, D andG) Control pupae, (B, E andH) Control adults, and (C, F and
I) TcKr-h1i animals. Instead of the pupal-like surface, the cuticle of TcKr-h1i animals shows the characteristic adult-specific microsculpture, including
rounded pits with sensillae (arrows inC and F). Scale bars represent 50 μm in (C), (F) and (I).
doi:10.1371/journal.pgen.1006020.g002
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revealed that, in addition to short and blister wings, abnormal urogomphi and absence of gin
traps, their appendages, including antennae, maxillae, mandibles, and legs, presented an adult-
like segmentation although with larval-like pigmentation (S3 Fig; [26–28]). However, the
extent of adult differentiation of TcBr-Ci animals was clearly weaker than that observed after
TcKr-h1 removal (Fig 1), suggesting that the premature adult differentiation observed in TcKr-
h1i specimens was not exclusively channeled through TcBr-C repression. We, then, measured
the expression levels of TcE93 and TcKr-h1 in TcBr-Ci animals during the prepupal stage and
found that the mRNA levels of both genes were similar to Control animals (Fig 5D and 5E),
indicating that phenotypic alterations observed in TcBr-Ci animals are not due to variations of
TcE93 or TcKr-h1 levels. Taken together, our data suggest that high levels of TcBr-C, together
with low levels of TcE93, which depend of the TcKr-h1 peak, are required during the prepupal
stage of T. castaneum to prevent premature adult differentiation and allow the proper forma-
tion of the pupa.
The interplay between Kr-h1, E93 and Br-C is conserved in the derived
holometabolous Drosophila melanogaster
Next, we investigated whether the metamorphic genetic circuitry is conserved in more derived
holometabolous insects and turned to the dipteran D.melanogaster. To this end, we used the
Gal4/UAS system [35] to modify the expression of the metamorphic genes. First, we knocked
down DmKr-h1 expression in the whole animal using the UAS-DmKr-h1RNAi transgene driven
by the ubiquitous ActinGal4 (ActGal4) driver, and measured the levels of DmE93 and DmBr-C
in white prepupa. Similar to T. castaneum, we found that depletion of DmKr-h1 lead to a signif-
icant increase of the mRNA levels of the two DmE93 isoforms, DmE93A and DmE93B, and to
the concomitant decrease of DmBr-CmRNA levels (Fig 6A). To confirm this result specifically
in a metamorphic tissue, we overexpressed UAS-DmKr-h1RNAi specifically in the pouch region
of the wing disc using the rotundGal4 (rnGAL4) driver. As expected, depletion of DmKr-h1 led
to a remarkable increase of DmE93A and DmE93B in the wing pouch during the prepupal
stage (Fig 6B), and to the disappearance of DmBr-C protein (Fig 6C). However, unlike T. casta-
neum where the viability of the wings was not affected (S4 Fig), DmKr-h1-depleted wings
showed clear signs of necrosis at the pupal stage (Fig 6D), probably due to a deficient wing
evertion. The wing phenotype is consistent with previous reports where imaginal discs failed to
elongate properly in D.melanogaster Br-Cmutants [23,30,36]. To further confirm the
Fig 3. Loss of TcKr-h1 in last instar larvae induces precocious up-regulation of the adult specifier TcE93 and the repression of the pupal specifier
TcBr-C. (A-C) Transcript levels of (A) the adult-specific gene TcCPR27, (B) TcE93, and (C) TcBr-Cwere measured by qRT-PCR in Control and TcKr-h1i
animals. Transcript abundance values are normalized against the TcRpL32 transcript. Fold changes are relative to the expression of each gene in 3-day-old
Control larvae, arbitrarily set to 1. In the abscissa axis, P0/L7d7 represents equivalent developmental time points betweenControl (P0, pupal day 0) and
TcKr-h1i animals (L7d7, day 7 in arrested TcKr-h1i animals). Error bars indicate the SEM (n = 5). Asterisks indicate differences statistically significant at
p0.05 (*); p0.005 (**), and p0.0005 (***) (t-test).
doi:10.1371/journal.pgen.1006020.g003
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repression of DmBr-C, at the protein level, UAS-DmKr-h1RNAi was specifically expressed in the
anterior compartment of the wing disc by using the cubitus interruptusGAL4 (CiGal4UASGFP)
driver, and its effect there was compared with the control posterior compartment. As Fig 7A
shows, depletion of DmKr-h1 with CiGal4UASGFP drastically reduced DmBr-C protein levels
Fig 4. Precocious high levels of TcE93mediate the direct adult transformation of TcKr-h1-depleted larvae and prevent the up-regulation of TcBr-
C. (A-C) Newly molted L7 larvae were injected with dsMock (Control) or with dsTcKr-h1 and dsTcE93 simultaneously (TcKr-h1i + TcE93i). (A) Ventral view of
a Control pupa. (B) Ventral and (C) lateral views of TcKr-h1i + TcE93i knockdown animals. In C, the TcKr-h1i + TcE93i animal arrested development and
could not undergo pupal ecdysis, so the larval cuticle has been removed. The inset is a high magnification of the abdomen of the arrested TcKr-h1i + TcE93i
pupa (rectangle in C) showing the pupal gin traps (arrows). (D-K) Comparison of the external morphology of appendages between (D-G) Control, and (H-K)
TcKr-h1i + TcE93i pupae. TcKr-h1i + TcE93i pupae undergo normal pupation as no differences in appendage morphology are observed when compared to
Control animals. (D andH) Hindlegs, (E and I) antennae, (F and J) mandible, and (G and K) maxilla. (L) Simultaneous depletion of TcKr-h1 and TcE93 leads
to normal expression of TcBr-C and TcCPR27 in T. castaneum prepupae. TcBr-C (upper), and TcCPR27 (lower) mRNA levels were measured by qRT-PCR
inControl and TcKr-h1i + TcE93i animals. Transcript abundance values are normalized against the TcRpL32 transcript. Fold changes are relative to the
expression of each gene in 3-day-old Control larvae, arbitrarily set to 1. Error bars indicate the SEM (n = 5). Scale bars: 0.5 mm in (A); inset in (C), 0.1 mm;
200 μm in (D); 100 μm in (E) and (G); 50 μm in (F).
doi:10.1371/journal.pgen.1006020.g004
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in the anterior compartment. The disappearance of DmBr-C was not due to reduced viability
of the DmKr-h1-depleted cells as they showed normal protein levels of Spalt, a protein whose
expression is independent of either DmKr-h1 or DmE93 (Fig 7B). The same result was obtained
when DmKr-h1RNAi clones were generated in the wing disc (Fig 7C), confirming again the cell
autonomous repression of DmBr-C.
Next, we analyzed whether the disappearance of DmBr-C was due to the precocious upregu-
lation of DmE93. To do this, we depleted both DmKr-h1 and DmE93 simultaneously in the
anterior compartment of the wing pouch using the CiGal4UASGFP driver. Under these condi-
tions, the levels of DmBr-C protein returned to normal (Fig 7D), allowing the normal evertion
of the wing disc. Likewise, when DmKr-h1 and DmE93 were depleted in the wing pouch under
the control of the rnGal4 driver, the wings did not degenerate and everted properly, and the
adult flies emerged with small and undifferentiated wings, a phenotype similar to that observed
in DmE93-depleted adult wings (Fig 7E). Altogether, our results show that the regulatory inter-
actions between the metamorphic toolkit genes are conserved in more derived holometabolous
insects.
The anti-metamorphic effect of Kr-h1 is functionally channeled through
E93 repression also in hemimetabolous insects
Given that Holometaboly evolved from hemimetabolous ancestors some 345 Ma [10], we
finally sought to determine whether the effect of Kr-h1 in preventing precocious adult meta-
morphosis through E93 is present also in hemimetabolous insects. To this end, we turned to
the German cockroach Blattella germanica as a model of hemimetabolous development. B. ger-
manica undergoes six nymphal instars (N1-N6) before molting into the adult. In contrast to
holometabolous insects, B. germanicametamorphosis occurs during a single period, the last
Fig 5. Loss of TcBr-C induces premature adult differentiation without affecting TcE93 and TcKr-h1 expression. (A-C) Newly molted L7 larvae were
injected with dsMock (Control) or with dsTcBr-C (TcBr-Ci). (A) Ventral view of a Control pupa. (B and C) Ventral views of (B) a TcBr-Ci animal arrested at the
end of the L7 stage, and (C) a TcBr-Ci animal just after the pupal molt, showing abnormal shape with short and blister wings (arrowheads), imperfect gin traps
(arrows) and short legs (red arrows). (D and E) Transcript levels of (D) TcE93, and (E) TcKr-h1 in Control and TcBr-Ci larvae at the beginning of the last L7
instar (d0) and during the quiescent stage (d4-d6), measured by qRT-PCR. Transcript abundance values are normalized against the TcRpL32 transcript.
Fold changes are relative to the expression of each gene in d0 Control larvae, arbitrarily set to 1. Error bars indicate the SEM (n = 5–10). Scale bar: 0.5 mm.
doi:10.1371/journal.pgen.1006020.g005
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Fig 6. The crosstalk between the metamorphic network genes is conserved in the derived holometabolous insectD.melanogaster. (A) Expression
levels of DmE93A (left), DmE93B (middle), and DmBr-C (right) relative to DmRpL32 in the whole body of ActGal4 (in black) and ActGal4;UASDmKr-h1RNAi
(in red) 0 h after puparium formation (APF) animals, measured by qRT-PCR. Fold changes are relative to the expression of each gene in ActGal4 larvae,
arbitrarily set to 1. (B) Expression levels of DmE93A (left) and DmE93B (right) relative to DmRpL32 specifically in the wing pouch of rnGal4 (in black) and
rnGal4;UASDmKr-h1RNAi (in red) 0 h after puparium formation (APF) animals, measured by qRT-PCR. Fold changes are relative to the expression of each
gene in rnGal4 larvae, arbitrarily set to 1. Error bars in A and B indicate the SEM (n = 5–10). Asterisks indicate differences statistically significant at p0.05
(*), p0.005 (**), and p0.0005 (***) (t-test). (C) DmBr-C protein levels revealed by immunocytochemistry in wings from 0 h after puparium formation
(APF) larvae expressing aUASDmKr-h1RNAi constructs under the control of rnGal4 driver, which is expressed in the wing pouch (silhouetted). DmBr-C
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(N6) nymphal instar, and is restricted to the transformation of the wing primordia into func-
tional wings, to the acquisition of functional genitalia and to marked changes in cuticle pig-
mentation [33,37]. In agreement with previous data [19], RNAi-mediated depletion of BgKr-h1
in penultimate (N5) instar nymphs (BgKr-h1i animals) caused precocious differentiation of
adult features after the ensuing molt (Fig 8A and 8B, S4 Table). Precocious BgKr-h1i adults
were smaller but had all the external characteristics of a normal adult: functional hind- and
forewings, adult cerci, and adult-specific pigmentation of the cuticle (Fig 8B). Consistent with
the phenotype observed, BgKr-h1i N5 nymphs presented a significant precocious up-regulation
of BgE93 when compared to Control nymphs (Fig 8D). This result was consistent with a previ-
ous report [38], although in their experiments, BgE93 levels were measured specifically in the
tergal gland of male nymphs. Interestingly, as happened in holometabolous insects, we also
found that BgBr-CmRNA levels were strongly reduced in BgKr-h1i N5 nymphs (Fig 8E).
To confirm that the premature activation of the adult genetic program in BgKr-h1i animals
depends on the precocious up-regulation of BgE93, as in T. castaneum TcKr-h1i prepupae, we
next depleted BgKr-h1 and BgE93 simultaneously in penultimate N5 nymphs. As expected,
double RNAi for BgKr-h1 and BgE93 (BgKr-h1i+BgE93i animals) in newly emerged N5
nymphs resulted in normal N6 nymphs after the following molt instead of undergoing preco-
cious metamorphosis (Fig 8C and S4 Table). BgKr-h1i+BgE93i N6 nymphs presented all the
morphological characteristics of a nymph: black cuticle, two thick stripes of black melanin in
the pronotum, nymphal cerci and external wing pads (Fig 8C). BgKr-h1i+BgE93i N6 nymphs
kept molting into supernumerary nymphal stages until reaching N10 when they arrested devel-
opment due to problems in shedding the exuvia. The inability to undergo metamorphosis of
BgKr-h1i+BgE93i nymphs is consistent with our recent observation [33], where RNAi-medi-
ated depletion of BgE93 in nymphs of B. germanica prevented the nymphal-adult transition
and caused endless reiterations of nymphal molts. Notably, BgBr-CmRNA levels in BgKr-h1i+-
BgE93i N6 nymphs were similar to Control nymphs (Fig 8E), confirming that the high levels of
BgE93 in BgKr-h1i N5 nymphs are responsible for the down-regulation of BgBr-C expression.
Finally, we aimed to determine whether the BgKr-h1-dependent repression of BgE93
observed in N5 nymphs is also present in younger nymphal instars. To do this, we injected
newly eclosed N4 nymphs with BgKr-h1 dsRNA and assessed the expression of BgE93 in these
animals. As shown in Fig 9C, BgE93mRNA levels were not up-regulated in BgKr-h1i N4
nymphs. Consequently, all BgKr-h1iN4 nymphs molted properly into normal N5 nymphs (Fig
9A and 9B, S5 Table) and became premature adults in the ensuing molt instead of molting into
N6 nymphs as the Control animals, which is quite consistent with previous observations [19].
Interestingly, BgBr-CmRNA levels in BgKr-h1i N4 nymphs were significantly reduced (Fig
9D) despite BgE93 not being up-regulated in these animals, indicating that BgKr-h1 is neces-
sary to maintain BgBr-C expression during the antepenultimate N4 stage, which correlates
with previous studies that show that JH enhances Br-C expression in hemimetabolous insects
[18,24,25]. Overall, these data show that 1) the anti-metamorphic effect of BgKr-h1 during the
penultimate N5 instar is channeled through the repression of BgE93, suggesting that the meta-
morphic landscape of hemimetabolous insects has offered the substrate for the evolution of
complete metamorphosis and the occurrence of the holometabolan pupa; and 2) the capacity
of BgKr-h1 to prevent BgE93 up-regulation and, hence, premature adult differentiation in B.
germanica is restricted to the penultimate N5 nymphal stage.
protein is absent in DmKr-h1-depleted cells. (D) Dorsal views of rnGAL4 (left panel) and rnGal4;UASDmKr-h1RNAi (right panel) pupae. In the absence of
DmKr-h1 in the wing pouch, wings degenerate after eversion during the pupal stage (arrowheads). Scale bars: 200 μm in (D).
doi:10.1371/journal.pgen.1006020.g006
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Discussion
How complete metamorphosis is controlled at the molecular level is a critical question towards
understanding how Holometaboly has evolved from hemimetabolan ancestors. Previous stud-
ies have revealed that metamorphosis in both types of insects requires the down-regulation of
the anti-metamorphic Kr-h1 and the up-regulation of the adult specifier E93 transcription fac-
tor genes [18–20,33]. However, a difference arises in holometabolous insects with the transient
pulse of Kr-h1 at the end of the final larval stage, absent in hemimetabolous nymphs. Based on
our data, we propose a model through which this late peak of Kr-h1might allow the appear-
ance of the new holometabolan-specific pupal stage (Fig 10A). This model is based on the
TcKr-h1-dependent repression of TcE93 expression once metamorphosis has been initiated in
the prepupal period (Fig 10A). We propose that the low levels of TcE93 at this particular stage
of development are essential for two reasons; first, it prevents the direct transformation of the
larva into the adult, as it happens in the last nymphal instar of hemimetabolous insects. Second,
it allows the stage-specific burst of TcBr-C expression in the prepupal stage, as TcE93 is a
potent repressor of TcBr-C expression (Figs 3 and 7; [33]). This pulse of TcBr-C is crucial to
coordinate the morphogenesis of the different body parts that would give rise to the normal
pupal morphology, as evidenced by the occurrence of larva-pupa-adult mosaics in TcBr-C-
depleted animals [26–28]. Thus, as a result of the crosstalk between TcKr-h1, TcE93 and TcBr-
C in the prepupal stage, the larva molts into a new metamorphic stage, the pupa, instead of
undergoing the terminal adult molt. Finally, our previous results showed that after the pupal
molt, high levels of TcE93 repress TcKr-h1 and TcBr-C expression, ensuring the completion of
the metamorphic process (Fig 10A) [33].
From an evolutionary perspective, our results strongly suggest that the metamorphic genetic
landscape of hemimetabolous insects has served as the substrate for the evolution of complete
metamorphosis. First, RNAi analysis in the hemimetabolous insect B. germanica (Figs 8 and
9), coupled with previous results [33], reveals the fundamental conservation of the functional
interactions between the metamorphic network genes Kr-h1, E93 and Br-C in hemimetabolous
and holometabolous insects (Fig 10B). Second, in the absence of the prepupal pulse of TcKr-h1
(TcKr-h1i animals), the expression dynamics of the metamorphic network genes during the
last larval instar of T. castaneum closely resemble those in the last nymphal instar of hemime-
tabolous insects (Fig 10C). Therefore, it seems likely that the transient re-induction of Kr-h1
midway through the metamorphic process in holometabolous ancestors, with the consequent
redeployment of the metamorphic toolkit circuit, occurred in the origin of the pupal stage,
transforming the single-stage metamorphic period of hemimetabolous insects into the two-
stages process of holometabolous insects. Consistent with this scenario, the expression profile
of Kr-h1 during the post-embryonic development in thrips (Thysanoptera), one of the closest
hemimetabolous relatives of holometabolous insects that present quiescent and non-feeding
stages called propupa and pupa (Neometaboly), are comparable to those in holometabolous
insects [39]. Based on our results, we thus propose that the two metamorphic periods of
Fig 7. DmBr-C expression is repressed by DmE93 in the prepupal stage of D.melanogaster. (A) Representative wing disc of CiGal4 UASGFP; UASKr-
h1RNAi 0 h APF prepupae labelled to visualize the Ci anterior domain (GFP in green), the nuclei (DAPI) and DmBr-C protein (in red). In the Ci domain, where
the cells express the transgene and are depleted of DmKr-h1, DmBr-C is strongly repressed. (B) Representative wing disc ofCiGal4 UASGFP; UASKr-
h1RNAi 0 h APF prepupae labelled to visualize the Ci anterior domain (GFP in green), DmBr-C protein (in red), and the transcription factor Spalt (in white).
Whereas DmBr-C protein levels are strongly reduced in the Ci domain, normal levels of Spalt protein are present in the anterior and posterior domains of the
wing disc indicating that the viability of the DmKr-h1-depleted cells is not compromised. (C) Examples of clones of cells in TubUASGFP; UASDmKr-h1RNAi
wing discs. Wings discs are labeled to visualize the clones (GFP in green), the nuclei (DAPI) and DmBr-C protein (in red). DmBr-C protein in cells within the
clones is absent. (D) Representative wing disc of CiGal4 UASGFP; UASKr-h1RNAi UASDmE93RNAi 0 h APF prepupae labelled to visualize the Ci anterior
domain (GFP in green), the nuclei (DAPI) and DmBr-C protein (in red). In the Ci domain, where the cells are depleted of DmKr-h1 and DmE93, DmBr-C
protein levels are not reduced. (E) Cuticle preparations of adult wings expressing the indicated transgenes under the control of the rnGAL4 driver.
doi:10.1371/journal.pgen.1006020.g007
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holometabolous insects, the last larval instar and the pupal period, are ontogenetically homolo-
gous to the last nymphal instar of hemimetabolous insects.
Although the regulatory architecture between the metamorphic toolkit genes is mostly con-
served in winged insects, as are the metamorphic functions of Kr-h1 and E93, the specific role
Fig 8. The Kr-h1-dependent repression of adult differentiation is relayed through E93 repression also in hemimetabolous insects. (A-C) Newly
molted N5 nymphs of B. germanica were injected with dsMock (Control), with dsBgKr-h1 (BgKr-h1i) or with dsBgK-h1 and dsBgE93 simultaneously (BgKr-
h1i + BgE93i) and left until the next molts. (A) Dorsal (upper panels) and ventral (lower panels) views of a N6 Control nymph and a winged adult. (B) Dorsal
and ventral views of a BgKr-h1i animal after the next molt showing a premature adult morphology, including functional hindwings and forewings, adult-
specific pigmentation of the cuticle and the pronotum, and adult cerci. In the dorsal view, the left forewing has been removed to allow the observation of the
membranous hindwing (red arrow). (C) Dorsal and ventral views of a BgKr-h1i + BgE93i animal after the next molt showing a perfect N6 morphology that
includes black cuticle, two thick stripes of black melanin in the pronotum, nymphal cerci and external wing pads. (D and E) Loss of BgKr-h1 during N5 induces
(D) precocious up-regulation of BgE93, and (E) repression of BgBr-C in N5 nymphs. The repression of BgBr-C is averted when BgKr-h1 and BgE93 are
simultaneously depleted in N5 nymphs. Transcript levels of (D) BgE93, and (E) BgBr-Cwere measured by qRT-PCR in wings from 5-day-old Control, BgKr-
h1i and BgKr-h1i+BgE93iN5 nymphs. Transcript abundance values are normalized against the BgActin5C transcript. Fold changes are relative to the
expression of each gene in Control nymphs, arbitrarily set to 1. Error bars indicate the SEM (n = 5–10). Asterisks indicate differences statistically significant
at p0.0005 (***) (t-test). Scale bar represents 2 mm.
doi:10.1371/journal.pgen.1006020.g008
Fig 9. The anti-metamorphic activity of BgKr-h1 is stage-specific. (A and B) Newly molted N4 nymphs of B. germanica were injected with dsMock
(Control), or with dsBgKr-h1 (BgKr-h1i) and left until the next molts. (A) Dorsal views of Control animals after molting into normal N5 and N6 nymphs, and
finally to a winged adult. (B) Dorsal views of BgKr-h1i animals after molting into normal N5 nymphs and then to a premature adult with functional hindwings
and forewings, adult-specific pigmentation of the cuticle and the pronotum, and adult cerci. (C and D) Loss of BgKr-h1 in N4 does not induce precocious up-
regulation of BgE93, but represses BgBr-C expression. Transcript levels of (C) BgE93, and (D) BgBr-Cwere measured by qRT-PCR in wings from 4-day-old
Control and BgKr-h1i N4 nymphs. Transcript abundance values are normalized against the BgActin5C transcript. Fold changes are relative to the
expression of each gene in Control nymphs, arbitrarily set to 1. Error bars indicate the SEM (n = 5–10). Asterisks indicate differences statistically significant
at p0.0005 (***) (t-test). Scale bar represents 2 mm.
doi:10.1371/journal.pgen.1006020.g009
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of Br-C in relation to metamorphosis has dramatically changed during the evolution of holo-
metaboly. While Br-C does not exert any metamorphic role in hemimetabolous insects, and its
function is mainly limited to the control of wing development, particularly in relation to size,
form and vein formation [18,24,25], in holometabolous insects Br-C has been specifically
recruited for new stage-specific metamorphic functions [26–29,31,32]. Therefore, Br-C acts as
the pupal coordinator that ensures proper pupal morphogenesis and prevents premature adult
morphogenesis in the holometabolan context (Fig 5). The acquisition by Br-C of new meta-
morphic functions has been favored, in part, by changes in its expression, from being con-
stantly expressed during embryogenesis and throughout nymphal development in
Hemimetaboly to be confined to the strong prepupal-specific pulse characteristic of holome-
tabolous insects [20,26,27,40–42]. Two events have probably facilitated this change. First, the
conserved repressive activity of E93 upon Br-C expression, already present in hemimetabolous
insects, that ensured the repression of Br-C during the pupal stage [33]. Second, a shift in the
JH regulatory activity on Br-C expression, from being inductive in hemimetabolous insects
[18,24,25] to repressive in holometabolous insects [40,43,44]. The JH-dependent repression of
Br-C has restricted the expression of this factor in young larvae until the onset of the last larval
instar, when the decline of JH and the temporal disappearance of Kr-h1 allow the induction of
Br-C by the ecdysteroid hormone 20-hydroxyecdysone (20E) [40,41,45]. Recently, it has been
shown in B.mori that the early larval repression of Br-C depends on the direct binding of Kr-
h1 to the Br-C gene [46]. Paradoxically, the repressive activity of Kr-h1 on Br-C expression
does not occur during the prepupal stage of holometabolous insects as the strong prepupal
pulse of Br-C parallels that of Kr-h1. Consistent with this observation, the overexpression of
BmKr-h1 during the prepupal stage in transgenic B.mori cannot prevent the normal appear-
ance of the BmBr-C pulse [47]. According to that, our data demonstrate that the prepupal
surge of Kr-h1 is required to allow the normal expression of Br-C through the repression of
E93, which suggests that the regulatory activity of Kr-h1 upon Br-C expression is stage-specific,
from directly inhibiting its expression in young larvae to allowing its induction in the prepupal
stage through the repression of E93. Further studies are needed to reveal the molecular mecha-
nisms through which Br-C is not repressed by Kr-h1 in the prepupal stage.
Given the functional relevance of the reappearance of Kr-h1 during the prepupal period, it
remains to be established what is the precise signal that controls it. As Kr-h1 expression is
induced by JH in hemimetabolous and holometabolous species [18–20,48–51], it is plausible
that a prepupal pulse of circulating JH controls TcKr-h1 upregulation. Consistent with this pos-
sibility, allatectomy (the surgical elimination of the gland that synthesizes JH, the corpora
allata) in the final larval instar of the lepidopteransManduca sexta and Hyalophora cecropia
caused partial premature adult development [52,53]. However, the double knockdown of
TcJHAMT and TcCYP15A1, the two enzymes that catalyze the final two steps of the JH
Fig 10. Regulation of holometabolan and hemimetabolan metamorphosis. (A) Expression profiles of Kr-
h1, E93 and Br-C during the last larval and pupal stages (upper part) are from T. castaneum. Model depicting
the regulatory interactions between the metamorphic toolkit genes in the prepupal and pupal stages that
underlie the formation of the pupa and the adult using T. castaneum as a holometabolan model (lower part).
Black arrows represent inductive effects, and red lines represent repressive effects. Gray colors denote
genes and transcriptional regulatory events that are absent during each particular period. (B) Equivalent
model depicting the regulation of hemimetabolan metamorphosis during the penultimate and last nymphal
instar of B. germanica as a model. The expression profiles of Kr-h1, E93 and Br-C are from B. germanica
[19,25,33]. (C) In the absence of the prepupal TcKr-h1 peak, the expression dynamics and regulatory
interactions of the metamorphic toolkit genes during the last larval instar of T. castaneum closely resemble
those in the last nymphal instar of the hemimetabolous B. germanica. Question marks denote unknown
identities or functional relations. Thick black arrows above the expression profiles represent metamorphic
periods.
doi:10.1371/journal.pgen.1006020.g010
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biosynthetic pathway in T. castaneum, does not cause precocious differentiation of adult struc-
tures [54]. Likewise, allatectomized Bombyx mori larvae developed into normal pupa, which
indicates that the prepupal BmKr-h1 pulse is corpora allata-independent [47]. As BmKr-h1
expression in vitro is up-regulated by JH, it is possible that BmKr-h1 could be induced by JH
synthesized from other tissues than the corpora allata [47]. Unlike lepidopteran species, Kr-h1
expression in D.melanogaster is not only induced by JH but also by 20E [51,55]. Overall, these
data suggest that the critical prepupal up-regulation of Kr-h1 in holometabolous insects is con-
trolled by a combination of factors, including JH and 20E, still to be clearly identified.
On the other hand, it is of great interest to know how E93 expression is regulated. While the
repressive activity of Kr-h1 on E93 expression is a common trait of hemimetabolous and holo-
metabolous insects (Figs 3 and 8; [38]), the signals that induce E93 expression have only been
characterized in two holometabolous insects, D.melanogaster and B.mori. In the fly, DmE93
expression is induced by 20E [56,57]. Likewise, in B.mori, it has been shown that BmE93 is
also induced by 20E and repressed by JH [58]. Given the relevance of such regulation, future
studies should investigate the molecular basis underlying the regulation of E93 expression in
hemimetabolous and holometabolous insects.
In conclusion, we have established the critical stage-specific interactions between the meta-
morphic toolkit genes that underlie the formation of the pupa in holometabolous insects.
Although the full details of the origin of the holometabolan pupa still remain to be determined,
our results provide a molecular framework to explain how complete metamorphosis is regu-
lated, thus shedding light into the evolution of complete metamorphosis.
Materials and Methods
Insects
Wild-type T. castaneum strain and the enhancer-trap line pu11 (obtained from Y. Tomoyasu,
Miami University, Oxford, Ohio) were reared on organic wheat flour containing 5% nutritional
yeast, and maintained at 29°C in constant darkness. Flies were raised on standard D.melanoga-
stermedium at 25°C, unless otherwise required. Oregon R flies (OR-R, used as a wild type con-
trol), ActGAL4, rnGal4, CiGAL4, UASGFP and UASdicer (used to enhance RNAi effectiveness)
were obtained from the Bloomington Stock Center (BDSC). UAS-DE93RNAi (KK108140;
GD4449), and UAS-DKr-h1RNAi (KK107935; GD51282) are from the Vienna Drosophila RNAi
Center (VDCR). For clonal analysis, hsflp;Tub>y>Gal4;UASGFP females were crossed with
males carrying UASKr-h1RNAi. Embryos were kept at 25°C until late L2, incubated 1 hour at
37°C and transferred to 25°C until late L3. B. germanica specimens were reared in the dark at
30 ± 1°C and 60–70% relative humidity.
Quantitative real-time reverse transcriptase polymerase chain reaction
(qRT-PCR)
Total RNA was isolated with the GenElute Mammalian Total RNA kit (Sigma), DNAse treated
(Promega) and reverse transcribed with Superscript II reverse transcriptase (Invitrogen) and
random hexamers (Promega). To obtain cDNA from the wing pouch of rnGal4 and
rnGal4>UASDmKr-h1RNAi animals, the wing pouch was specifically separated from the rest of
the wing. Relative transcripts levels were determined by real-time PCR (qPCR), using Power
SYBR Green PCR Mastermix (Applied Biosystems). To standardize the qPCR inputs, a master
mix that contained Power SYBR Green PCRMastermix and forward and reverse primers was
prepared (final concentration: 100nM/qPCR). The qPCR experiments were conducted with
the same quantity of tissue equivalent input for all treatments and each sample was run in
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duplicate using 2 μl of cDNA per reaction. All the samples were analyzed on the iCycler iQ
Real Time PCR Detection System (Bio-Rad). For each standard curve, one reference DNA
sample was diluted serially. Primers sequences for qPCR analyses were:
T. castaneum:
TcE93: TcE93-F: 5’-CTCTCGAAAACTCGGTTCTAAACA-3’
TcE93-R: 5’-TTTGGGTTTGGGTGCTGCCGAATT-3’
TcBr-C: TcBr-C-F: 5’-TCGTTTCTCAAGACGGCTGAAGTG-3’
TcBr-C-R: 5’-CTCCACTAACTTCTCGGTGAAGCT-3’
TcKr-h1: TcKr-h1-F: 5’-AAGAAGAGCATGGAAGCACACATT-3’
TcKr-h1-R: 5’-GAATCGTAGCTAAGAGGGTCTTGA-3’
TcCPR27: TcCPR27-F: 5’-AGGTTACGGCCATCATCACTTGGA-3’
TcCPR27-R: 5’-ATTGGTGGTGGAAGTCATGGGTGT-3’
TcRpL32: TcRpL32-F: 5’-CAGGCACCAGTCTGACCGTTATG-3’
TcRpL32-R: 5’-CATGTGCTTCGTTTTGGCATTGGA-3’
D.melanogaster:
DmE93A: DmE93A-F: 5’-CACATCAGCAGCTATGAAATA-3'
mDE93A-R: 5’- AACCGGCTATTGCTATGGGCTGTT-3'
DmE93B: DmE93B-F: 5’-TCCACAGATATGCTGCATATTGTG-3'
DmE93A-R: 5’- AACCGGCTATTGCTATGGGCTGTT-3'
DmBr-C: DmBr-C-F: 5’-CATCTGGCTCAGATACAGAACCT-3’
DmBr-C-R: 5’-CTTCAGCAGCTGGTTGTTGATGT-3’
DmRpL32: DmRpL32-F: 5’-CAAGAAGTTCCTGGTGCACAA-3’
DmRpL32-R: 5’-AAACGCGGTTCTGCATGAG-3’
B. germanica:
BgE93: BgE93-F: 5’-CAAGCGGGGCAAATATCGCAATTA-3’
BgE93-R: 5’-TGACCTTGTACTCGAGTGTGG-3’
BgBr-C: BgBr-C-F: 5’-CTTAAAGCTCATAGAGTGGTGTTG-3’
BgBr-C-R: 5’-CACTTCACCATGGTATATGAATTC-3’
RNA interference (RNAi)
T. castaneum—RNAi in vivo was performed as previously described [33,59]. Control dsRNA
consisted of a non-coding sequence from the pSTBlue-1 vector (dsControl). For the in vivo
treatment, dsRNAs, concentrated up to 4 µg/µl, were injected into the abdomen of last instar
larvae (L7) of the pu11 line. B. germanica–RNAi in vivo was performed as previously described
[60,61]. A dose of 1 µl (5–8 µg/µl) of the dsRNA solution was injected into the abdomen of
newly ecdysed penultimate (N5) or antepenultimate (N4) instar nymphs, and left until ana-
lysed. In case of coinjection of two dsRNAs in T. castaneum or B. germanica, the same volume
of each dsRNA solution was mixed and applied in a single injection. To maintain the RNAi
effect during the successive nymphal instars, the same dose of dsRNAs was reapplied to all
treated animals after molting into new nymphal stages. The primers used to generate templates
via PCR for transcription of the dsRNAs were:
T. castaneum:
dsTcKr-h1: dsTcKr-h1-F: 5’‐ AATCCTCCTGCTCATCCAGCACTA-3’
dsTcKr-h1-R: 5’‐ CAGGATTCGAACTAGGAGGTGTTA-3’
dsTcE93: dsTcE93-F: 5’-AAATAACGGTGATACAGTGTCAAG-3’
dsTcE93-R: 5’-TTGTAGTCCATCTCGGAGATGGAA-3’
dsTcBr-C: dsTcBr-C-F: 5’-CAATTACCAAAGCAGCATCACATC-3’
dsTcBr-C-R: 5’-GGCTTTGTACTTGCGCCAACTGTT-3’
B. germanica:
dsBgKr-h1: dsBgKr-h1-F: 5’- GAATCTCAGTGTGCATAGGCG-3’
dsBgKr-h1-R: 5’- CCTTGCCACAAATGACACAA-3’
dsBgE93: dsBgE93-F: 5’-GAAACAGAACCTCCTTTCAAAAGG-3’
dsBgE93-R: 5’-AAAGTGTGAACCTGCCCGATGAA-3’
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Microscopy, histological analysis and immunocytochemistry
T. castaneum dissections were carried out in Ringer’s saline and the different appendages were
mounted directly in Glycerol 70%. For D.melanogaster immunohistochemistry, wings from 0
h after puparium formation animals were collected and stained as described [33]. Antibodies:
mouse anti-Broad-Complex (1:100; Developmental Studies Hybridoma Bank (DSHB)); rat
anti-Spalt (Sal) (1:200; a gift from R. Barrio); rabbit anti-Caspase 3 (1:250; Cell Signaling Tech-
nologies); Alexa Fluor 555-conjugated secondary antibodies (1:200; Molecular Probes). All
samples were examined with AxioImager.Z1 (ApoTome 213 System, Zeiss) microscope, and
images were subsequently processed using Adobe photoshop.
Scanning-electron microscopy
Control and TcE93i animals of T. castaneum were carefully taken out of the larval cuticle with
forceps when necessary. Then, they were fixed in 80% ethanol, and dehydrated with a series of
graded ethanol solutions (90%, 95% and 100%) for 15 min in each solution, critical-point dried
using CO2, sputter-coated with gold-palladium, and observed under a Hitachi S-3500N scan-
ning electron microscope.
Supporting Information
S1 Fig. Developmental expression profiles of the metamorphic genetic network genes
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metabolous insect T. castaneum. TcKr-h1mRNA levels were measured by qRT-PCR. Tran-
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relative to the expression of TcKr-h1 in newly emerged L7 larvae, arbitrarily set to 1. Error bars
indicate the SEM (n = 5). Data on TcE93 and TcBr-C levels are from (24).
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pupae presented premature segmentation but larval-like pigmentation.
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S4 Fig. Loss of TcKr-h1 in last instar larvae does not induce apoptosis in T. castaneum
wings. (A and B) Caspase-3 and DAPI stainings in wings of (A) Control and (B) TcKr-h1i pre-
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mate (N4) nymphal instar.
(DOCX)
Acknowledgments
We thank Rosa Barrio, VDRC, BDSC, and DSHB for flies and antibodies. C. De Miguel and A.
Subias for technical assistance with T. castaneum and B. germanica injections.
Author Contributions
Conceived and designed the experiments: EU XFM DM. Performed the experiments: EU CM
XFM DM SC. Analyzed the data: EU CM XFM DM SC. Contributed reagents/materials/analy-
sis tools: EU CM XFM DM. Wrote the paper: DM.
References
1. Nicholson DB, Ross AJ, Mayhew PJ (2014) Fossil evidence for key innovations in the evolution of
insect diversity. Proc. Biol. Sci. 2014 Oct. 22 281: (1793).
2. Rainford JL, Hofreiter M, Nicholson DB, Mayhew PJ (2014) Phylogenetic distribution of extant richness
suggests metamorphosis is a key innovation driving diversification in insects. PLoS ONE 9: e109085.
doi: 10.1371/journal.pone.0109085 PMID: 25275450
3. Clark-Hachtel CM, Linz DM, Tomoyasu Y (2013) Insights into insect wing origin provided by functional
analysis of vestigial in the red flour beetle, Tribolium castaneum. Proceedings of the National Academy
of Sciences 110: 16951–16956.
4. Shimmi O, Matsuda S, Hatakeyama M (2014) Insights into the molecular mechanisms underlying diver-
sified wing venation among insects. Proceedings Biological sciences / The Royal Society 281:
20140264.
5. BrookWJ, Diaz-Benjumea FJ, Cohen SM (1996) Organizing spatial pattern in limb development. Annu
Rev Cell Dev Biol 12: 161–180. PMID: 8970725
6. Sehnal F, Švácha P, Zrzavy J (1996) Evolution of Insect Metamorphosis. In: Atkinson LIGRTG, editor.
Metamorphosis. Cell Biology. San Diego: Academic Press. pp. 3–58.
7. Truman JW, Riddiford LM (2002) Endocrine insights into the evolution of metamorphosis in insects.
Annu Rev Entomol. 47:467–500 PMID: 11729082
8. Truman JW, Riddiford LM (1999) The origins of insect metamorphosis. Nature. 401, 447–452 | doi: 10.
1038/46737 PMID: 10519548
9. Bellés X (2011) Origin and evolution of insect metamorphosis. eLS. doi: 10.1002/9780470015902
10. Misof B, Liu S, Meusemann K, Peters RS, Donath A, et al. (2014) Phylogenomics resolves the timing
and pattern of insect evolution. Science (New York, NY) 346: 763–767.
11. Grimaldi D, Engel MS (2005) Evolution of the Insects. Cambridge: Cambridge University Press.
12. Truman JW, Riddiford LM (2002) Endocrine insights into the evolution of metamorphosis in insects.
Annu Rev Entomol 47: 467–500. PMID: 11729082
13. Jindra M, Palli SR, Riddiford LM (2012) The Juvenile Hormone Signaling Pathway in Insect Develop-
ment. Annu Rev Entomol. doi: 10.1146/annurev-ento-120811-153700
Insect Metamorphosis Controlled by E93, Kr-h1 and Br-C
PLOSGenetics | DOI:10.1371/journal.pgen.1006020 May 2, 2016 21 / 24
14. Hiruma K, Kaneko Y (2013) Hormonal regulation of insect metamorphosis with special reference to
juvenile hormone biosynthesis. Current topics in developmental biology 103: 73–100. doi: 10.1016/
B978-0-12-385979-2.00003-4 PMID: 23347516
15. Truman JW, Riddiford LM (2007) The morphostatic actions of juvenile hormone. Insect Biochemistry
and Molecular Biology 37: 761–770. PMID: 17628276
16. Yamanaka N, Rewitz KF, O'Connor MB (2012) Ecdysone Control of Developmental Transitions: Les-
sons from Drosophila Research. Annu Rev Entomol. doi: 10.1146/annurev-ento-120811-153608
17. Jindra M, Bellés X, Shinoda T (2015) Molecular basis of juvenile hormone signaling. Current Opinion in
Insect Science.
18. Konopova B, Smykal V, Jindra M (2011) Common and distinct roles of juvenile hormone signaling
genes in metamorphosis of holometabolous and hemimetabolous insects. PLoS ONE 6: e28728. doi:
10.1371/journal.pone.0028728 PMID: 22174880
19. Lozano J, Bellés X (2011) Conserved repressive function of Krüppel homolog 1 on insect metamorpho-
sis in hemimetabolous and holometabolous species. Sci Rep 1: 163. doi: 10.1038/srep00163 PMID:
22355678
20. Minakuchi C, Namiki T, Shinoda T (2009) Krüppel homolog 1, an early juvenile hormone-response
gene downstream of Methoprene-tolerant, mediates its anti-metamorphic action in the red flour beetle
Tribolium castaneum. Developmental Biology 325: 341–350. doi: 10.1016/j.ydbio.2008.10.016 PMID:
19013451
21. Smykal V, Daimon T, Kayukawa T, Takaki K, Shinoda T, et al. (2014) Importance of juvenile hormone
signaling arises with competence of insect larvae to metamorphose. Developmental Biology 390: 221–
230. doi: 10.1016/j.ydbio.2014.03.006 PMID: 24662045
22. Bayer C, Kalm von L, Fristom JW (1996) Gene Regulation in Imaginal Disc and Salivary Gland Devel-
opment during Drosophila Metamorphosis. In: Atkinson LIGRTG, editor. Metamorphosis. Cell Biology.
San Diego: Academic Press. pp. 321–361.
23. DiBello PR, Withers DA, Bayer CA, Fristrom JW, Guild GM (1991) The Drosophila Broad-Complex
encodes a family of related proteins containing zinc fingers. Genetics 129: 385–397. PMID: 1743483
24. Erezyilmaz DF, Riddiford LM, Truman JW (2006) The pupal specifier broad directs progressive mor-
phogenesis in a direct-developing insect. Proceedings of the National Academy of Sciences of the
United States of America 103: 6925–6930. doi: 10.1073/pnas.0509983103 PMID: 16641104
25. Huang J- H, Lozano J, Bellés X (2013) Broad-complex functions in postembryonic development of the
cockroach Blattella germanica shed new light on the evolution of insect metamorphosis. Biochim Bio-
phys Acta 1830: 2178–2187. doi: 10.1016/j.bbagen.2012.09.025 PMID: 23041750
26. Suzuki Y, Truman JW, Riddiford LM (2008) The role of Broad in the development of Tribolium casta-
neum: implications for the evolution of the holometabolous insect pupa. Development 135: 569–577.
doi: 10.1242/dev.015263 PMID: 18171684
27. Konopova B, Jindra M (2008) Broad-Complex acts downstream of Met in juvenile hormone signaling to
coordinate primitive holometabolan metamorphosis. Development 135: 559–568. doi: 10.1242/dev.
016097 PMID: 18171683
28. Parthasarathy R, Tan A, Bai H, Palli SR (2008) Transcription factor broad suppresses precocious
development of adult structures during larval–pupal metamorphosis in the red flour beetle, Tribolium
castaneum. Mechanisms of Development 125: 299–313. doi: 10.1016/j.mod.2007.11.001 PMID:
18083350
29. Uhlirova M, Foy BD, Beaty BJ, Olson KE, Riddiford LM, et al. (2003) Use of Sindbis virus-mediated
RNA interference to demonstrate a conserved role of Broad-Complex in insect metamorphosis. Pro-
ceedings of the National Academy of Sciences of the United States of America 100: 15607–15612.
doi: 10.1073/pnas.2136837100 PMID: 14668449
30. Kiss I, Beaton AH, Tardiff J, Fristrom D, Fristrom JW (1988) Interactions and developmental effects of
mutations in the Broad-Complex of Drosophila melanogaster. Genetics 118: 247–259. PMID: 3129334
31. Daimon T, Uchibori M, Nakao H, Sezutsu H, Shinoda T (2015) Knockout silkworms reveal a dispens-
able role for juvenile hormones in holometabolous life cycle. Proceedings of the National Academy of
Sciences 112: E4226–E4235. doi: 10.1073/pnas.1506645112
32. Zhou X, Riddiford LM (2002) Broad specifies pupal development and mediates the “status quo” action
of juvenile hormone on the pupal-adult transformation in Drosophila and Manduca. Development 129:
2259–2269. PMID: 11959833
33. Ureña E, ManjOn C, Franch-Marro X, Martín D (2014) Transcription factor E93 specifies adult metamor-
phosis in hemimetabolous and holometabolous insects. Proceedings of the National Academy of Sci-
ences 111: 7024–7029. doi: 10.1073/pnas.1401478111
Insect Metamorphosis Controlled by E93, Kr-h1 and Br-C
PLOSGenetics | DOI:10.1371/journal.pgen.1006020 May 2, 2016 22 / 24
34. Arakane Y, Lomakin J, Gehrke SH, Hiromasa Y, Tomich JM, et al. (2012) Formation of rigid, non-flight
forewings (elytra) of a beetle requires two major cuticular proteins. PLoS Genet 8: e1002682. doi: 10.
1371/journal.pgen.1002682 PMID: 22570623
35. Brand AH, Perrimon N (1993) Targeted gene expression as a means of altering cell fates and generat-
ing dominant phenotypes. Development (Cambridge, England) 118: 401–415.
36. Bayer CA, Kalm von L, Fristrom JW (1997) Relationships between protein isoforms and genetic func-
tions demonstrate functional redundancy at the Broad-Complex during Drosophila metamorphosis.
Developmental Biology 187: 267–282. PMID: 9242423
37. Mané-Padrós D, Cruz J, Vilaplana L, Nieva C, Ureña E, et al. (2010) The hormonal pathway controlling
cell death during metamorphosis in a hemimetabolous insect. Developmental Biology 346: 150–160.
doi: 10.1016/j.ydbio.2010.07.012 PMID: 20638378
38. Bellés X, Santos CG (2014) The MEKRE93 (Methoprene tolerant-Krüppel homolog 1-E93) pathway in
the regulation of insect metamorphosis, and the homology of the pupal stage. Insect Biochemistry and
Molecular Biology 52: 60–68. doi: 10.1016/j.ibmb.2014.06.009 PMID: 25008785
39. Minakuchi C, Tanaka M, Miura K, Tanaka T (2011) Developmental profile and hormonal regulation of
the transcription factors broad and Krüppel homolog 1 in hemimetabolous thrips. Insect Biochemistry
and Molecular Biology 41: 125–134. doi: 10.1016/j.ibmb.2010.11.004 PMID: 21111817
40. Zhou B, Hiruma K, Shinoda T, Riddiford LM (1998) Juvenile hormone prevents ecdysteroid-induced
expression of broad complex RNAs in the epidermis of the tobacco hornworm, Manduca sexta. Devel-
opmental Biology 203: 233–244. doi: 10.1006/dbio.1998.9059 PMID: 9808776
41. Reza AMS, Kanamori Y, Shinoda T, Shimura S, Mita K, et al. (2004) Hormonal control of a metamor-
phosis-specific transcriptional factor Broad-Complex in silkworm. Comp Biochem Physiol B, Biochem
Mol Biol 139: 753–761. doi: 10.1016/j.cbpc.2004.09.009 PMID: 15581808
42. Sullivan AA (2003) Temporal Profiles of Nuclear Receptor Gene Expression Reveal Coordinate Tran-
scriptional Responses during Drosophila Development. Molecular Endocrinology 17: 2125–2137. doi:
10.1210/me.2002-0430 PMID: 12881508
43. Huang J, Tian L, Peng C, Abdou M, Wen D, et al. (2011) DPP-mediated TGFbeta signaling regulates
juvenile hormone biosynthesis by activating the expression of juvenile hormone acid methyltransfer-
ase. Development 138: 2283–2291. doi: 10.1242/dev.057687 PMID: 21558376
44. Abdou M, Peng C, Huang J, Zyaan O, Wang S, et al. (2011) Wnt signaling cross-talks with JH signaling
by suppressing Met and gce expression. PLoS ONE 6: e26772. doi: 10.1371/journal.pone.0026772
PMID: 22087234
45. Muramatsu D, Kinjoh T, Shinoda T, Hiruma K (2008) The role of 20-hydroxyecdysone and juvenile hor-
mone in pupal commitment of the epidermis of the silkworm, Bombyx mori. Mechanisms of Develop-
ment 125: 411–420. doi: 10.1016/j.mod.2008.02.001 PMID: 18331786
46. Kayukawa T, Nagamine K, Ito Y, Nishita Y, Ishikawa Y, et al. (2016) Krüppel Homolog 1 Inhibits Insect
Metamorphosis via Direct Transcriptional Repression of Broad-Complex, a Pupal Specifier Gene. J
Biol Chem 291: 1751–1762. doi: 10.1074/jbc.M115.686121 PMID: 26518872
47. Kayukawa T, Murata M, Kobayashi I, Muramatsu D, Okada C, et al. (2014) Hormonal regulation and
developmental role of Krüppel homolog 1, a repressor of metamorphosis, in the silkworm Bombyx mori.
Developmental Biology 388: 48–56. doi: 10.1016/j.ydbio.2014.01.022 PMID: 24508345
48. Kayukawa T, Minakuchi C, Namiki T, Togawa T, YoshiyamaM, et al. (2012) Transcriptional regulation
of juvenile hormone-mediated induction of Krüppel homolog 1, a repressor of insect metamorphosis.
Proceedings of the National Academy of Sciences 109: 11729–11734.
49. Kayukawa T, Tateishi K, Shinoda T (2013) Establishment of a versatile cell line for juvenile hormone
signaling analysis in Tribolium castaneum. Sci Rep 3: 1570. doi: 10.1038/srep01570 PMID: 23535851
50. Cui Y, Sui Y, Xu J, Zhu F, Palli SR (2014) Juvenile hormone regulates Aedes aegypti Krüppel homolog
1 through a conserved E box motif. Insect Biochemistry and Molecular Biology 52: 23–32. doi: 10.
1016/j.ibmb.2014.05.009 PMID: 24931431
51. Minakuchi C, Namiki T, YoshiyamaM, Shinoda T (2008) RNAi-mediated knockdown of juvenile hor-
mone acid O-methyltransferase gene causes precocious metamorphosis in the red flour beetle Tribo-
lium castaneum. FEBS Journal 275: 2919–2931. doi: 10.1111/j.1742-4658.2008.06428.x PMID:
18435763
52. Williams CM (1961) The juvenile hormone. II. Its role in the endocrine control of molting, pupation, and
adult development in the Cecropia silkworm. The Biological Bulletin.
53. Kiguchi K, Riddiford LM (1978) A role of juvenile hormone in pupal development of the tobacco horn-
worm, Manduca sexta. Journal of Insect Physiology 24: 673–680.
Insect Metamorphosis Controlled by E93, Kr-h1 and Br-C
PLOSGenetics | DOI:10.1371/journal.pgen.1006020 May 2, 2016 23 / 24
54. Minakuchi C, Ishii F, Washidu Y, Ichikawa A, Tanaka T, et al. (2015) Expressional and functional analy-
sis of CYP15A1, a juvenile hormone epoxidase, in the red flour beetle Tribolium castaneum. Journal of
Insect Physiology 80: 61–70. doi: 10.1016/j.jinsphys.2015.04.008 PMID: 25921675
55. Pecasse F, Beck Y, Ruiz C, Richards G (2000) Krüppel-homolog, a stage-specific modulator of the pre-
pupal ecdysone response, is essential for Drosophila metamorphosis. Developmental Biology 221:
53–67. PMID: 10772791
56. Mou X, Duncan DM, Baehrecke EH, Duncan I (2012) Control of target gene specificity during metamor-
phosis by the steroid response gene E93. Proceedings of the National Academy of Sciences 109:
2949–2954. doi: 10.1073/pnas.1117559109
57. Baehrecke EH, Thummel CS (1995) The Drosophila E93 gene from the 93F early puff displays stage-
and tissue-specific regulation by 20-hydroxyecdysone. Developmental Biology 171: 85–97. doi: 10.
1006/dbio.1995.1262 PMID: 7556910
58. Liu X, Dai F, Guo E, Li K, Ma L, et al. (2015) 20-Hydroxyecdysone (20E) Primary Response Gene E93
Modulates 20E Signaling to Promote Bombyx Larval-Pupal Metamorphosis. J Biol Chem 290: 27370–
27383. doi: 10.1074/jbc.M115.687293 PMID: 26378227
59. Tomoyasu Y, Denell RE (2004) Larval RNAi in Tribolium (Coleoptera) for analyzing adult development.
Dev Genes Evol 214: 575–578. doi: 10.1007/s00427-004-0434-0 PMID: 15365833
60. Cruz J, Mané-Padrós D, Bellés X, Martín D (2006) Functions of the ecdysone receptor isoform-A in the
hemimetabolous insect Blattella germanica revealed by systemic RNAi in vivo. Developmental Biology
297: 158–171. PMID: 16890931
61. Martín D, Maestro O, Cruz J, Mané-Padrós D, Bellés X (2006) RNAi studies reveal a conserved role for
RXR in molting in the cockroach Blattella germanica. Journal of Insect Physiology 52: 410–416. doi:
10.1016/j.jinsphys.2005.12.002 PMID: 16427073
Insect Metamorphosis Controlled by E93, Kr-h1 and Br-C
PLOSGenetics | DOI:10.1371/journal.pgen.1006020 May 2, 2016 24 / 24
